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Introduction {#sec1}
============

A fundamental challenge faced by all living things is survival in an uncertain and changing environment. One of the fundamental goals of biology and medicine is to understand how physiology and morphology, whether at the cell or organism level, adjusts to stress---conditions that are not conducive to continued health and reproduction. Living tissues are confronted with continuous environmental challenge at all scales of size and organization, from exposure to agents that damage DNA and produce reactive oxygen species at the level of single cells to secreted factors and cell group activity that drive embryogenesis and repair/regeneration; to the physiological functions of immune, circulatory, and endocrine systems; and ultimately to the behavior of the entire animal. Thus, all components of an organism must continuously select from a very large space of possible transcriptional, protein-level, and physiological-level responses to adaptively maintain homeostasis along numerous parameters during its lifespan. Understanding this ubiquitous process is vital, with direct applications to reprotoxicology (the ability of embryos to regulate, or fail to regulate, their normal developmental sequence under diverse, potentially teratogenic influences), immunology, aging, and cancer. Harnessing this process is also a goal of regenerative medicine.

Major gaps remain in our understanding of the fundamental biology of computation in living media: how do cellular networks process real-time information toward near-optimal responses? On a population scale, recent work with bacterial persisters and yeast subjected to antibiotic and metabolic stress, respectively, reveals evolutionary aspects of epigenetic tolerance to stressors ([@bib66], [@bib96], [@bib37], [@bib55], [@bib5], [@bib115], [@bib57]). However, experiments in *Drosophila* and other model systems reveal that, even within the lifetime of single individuals (i.e., not via selection), cells have the remarkable ability to execute appropriate responses to stressors ([@bib105], [@bib32], [@bib107], [@bib104], [@bib52]). This emerging body of work on cellular adaptation and plasticity ([@bib108], [@bib87]) is complemented by similar robustness observed at the organ or even whole-organism scale ([@bib84], [@bib12], [@bib106], [@bib35]).

One of the best examples of large-scale dynamic plasticity is regulative development, which is often able to adjust to drastic injury ([@bib25], [@bib113]). One example can be seen in the processes that convert a tadpole face to that of a frog, which requires significant movements of the eyes and other organs to rearrange internal head structures into the correct species-specific outcome. It was recently shown that this is not a hardwired process in which the different components move in pre-determined paths ([@bib118]) and rely on a constant starting state to implement normal frog development. Tadpoles engineered to have scrambled anatomies (eyes, nostrils, and other structures in highly abnormal positions) still usually develop into normal frogs. Thus, the genome encodes a system with the ability to reach the required anatomical state from a range of diverse starting conditions, dynamically adapting to (evolutionarily) unexpected circumstances and readjusting the various tissues as needed to optimize subsequent survival.

Beyond development, metazoan survival throughout the lifespan requires a constant and active resistance to aging, wear and tear, and carcinogenic transformation ([@bib90], [@bib91], [@bib92]). Moreover, some species are capable of large-scale remodeling and pattern homeostasis throughout their lifespan. Planarians are a class of free-living flatworms that contains many highly regenerative members ([@bib14], [@bib95]). The freshwater planarian *Dugesia japonica* is one such species, able to restore an entire body (including the brain) from a mere fragment, scaling the growth with exquisite precision and ceasing further growth and remodeling when an allometrically correct body plan is complete ([@bib62], [@bib94], [@bib95]). Planarians possess bilateral symmetry, stem cell populations ([@bib44], [@bib112]), and a true centralized brain with numerous complex behavioral responses including learning ([@bib97], [@bib26]). They appear to have even conquered the ultimate stressor---aging ([@bib94], [@bib83]). Much progress has been made on the biochemical ([@bib89], [@bib78]) and physiological/bioelectrical ([@bib58], [@bib19], [@bib30], [@bib109], [@bib7], [@bib8]) control of patterning during regeneration, making them an ideal model system in which one can investigate adaptive responses to novel stimuli that threaten homeostasis.

To establish a model for the study of adaptation at multiple levels of organization, we chose regeneration in *D. japonica* as a context to determine how cellular and body-wide plasticity must cooperate. Owing to the known dependence of planarian remodeling response on bioelectric events ([@bib62], [@bib30], [@bib33], [@bib7], [@bib8], [@bib76]), we challenged planaria with a novel stressor: the non-specific potassium channel blocker barium chloride (BaCl~2~). The inability to pass potassium ions led to a severe head degeneration. Remarkably, however, the planaria soon regenerated a BaCl~2~-tolerant head. We analyzed these BaCl~2~-adapted heads using molecular and physiologic approaches, which revealed an example of transcriptional and physiological plasticity with significant implications for basic biology and neural injury repair.

Results {#sec2}
=======

When Exposed to BaCl~2~, Planaria Heads Rapidly Degenerate and Subsequently Regenerate with Newly Acquired BaCl~2~ Resistance {#sec2.1}
-----------------------------------------------------------------------------------------------------------------------------

Given the ubiquitous importance of potassium channels in cell physiology, we first asked what would happen to planaria continuously exposed to broad K^+^ flux inhibitors. We cultured *D. japonica* flatworms in 1 mM barium chloride (BaCl~2~), a powerful, widely used, universal potassium channel blocker ([@bib49], [@bib60]), which can also affect other divalent cation channels and has been extensively used in invertebrates ([@bib3], [@bib31], [@bib41]). We observed rapid and complete degeneration of the entire head within 72 h (83% of observed worms showed degeneration, SD = 12% across all BaCl~2~ treatments, [Figure 1](#fig1){ref-type="fig"}Ab), consistent with the importance of potassium currents in maintenance and physiology of this complex organ. Remarkably, however, when left to regenerate in fresh BaCl~2~ solution, the worms regenerated normal heads that were insensitive to the toxic environmental conditions ([Figures 1](#fig1){ref-type="fig"}Ac and 1Ad). Although BaCl~2~ could potentially form insoluble ions with sulfate and carbonate ions present in the Poland Spring water, we ruled out adaptation via reduction of BaCl~2~ concentration in the media by making sure that media was frequently refreshed. Furthermore, degeneration of anterior tissues was never observed in control culture conditions ([Figure 1](#fig1){ref-type="fig"}Aa). Heads regenerated in BaCl~2~ retained normal size and morphology ([Figure 1](#fig1){ref-type="fig"}Ad), and the BaCl~2~-adapted worms exhibited motion that was not visually different from that of wild-type (WT) worms.Figure 1Long-term Exposure to BaCl~2~ Results in Degeneration of Anterior Tissues and Subsequent Regeneration of Structures That Are Resistant to BaCl~2~(A) Whole *D. japonica* worms after treatment in 1 mM BaCl~2~. (a) Normal worms before treatment. (b) Within 72 h of exposure to BaCl~2~, the anterior tissues of the planarian degrade and the head deprogresses. This occurs in 83% of worms, SD = 12%. Degeneration occurs through a contraction of tissue at the base of the wound, minimizing tissue loss. (c) After 15 days in BaCl~2~*, D. japonica* form a blastema and begin to regrow a head. (d) By 37 days of treatment, a new, BaCl~2~-insensitive head has formed and the worm is phenotypically normal. (a'--d') 200x zoomed in images of the anterior portion of the worms shown in (a)--(d). Scale bar 0.5 mm. Results representative of three independent biological replicates, N \> 50 for each replicate.(B) (a) *D. japonica* worm after 35 days of BaCl~2~ treatment. This worm has degenerated and regenerated a head and is now insensitive to BaCl~2~. (b) *D. japonica* worms are then placed in water for 30 days with no obvious morphological effect. (c) However, upon 24 h of a second BaCl~2~ treatment, the head degenerates. (a'--c') 200x zoomed in images of the anterior portion of the worms shown in (a)--(c). Scale bar 0.5 mm. Results representative of three independent biological replicates, N \> 50 for each replicate.

Degeneration involved tissue progressively bubbling off from the very anterior tip of the worm to the plane of the photoreceptors (roughly 1 mm of tissue), with apparent muscular contraction around the degeneration site that minimized internal tissue loss ([Figure 1](#fig1){ref-type="fig"}Ab). The process was complete after 72 h in BaCl~2~ solution. Blastema formation was then initiated, and regenerative processes proceeded, although full regeneration took longer than normal (∼4 weeks, as opposed to ∼2 weeks, [Figure 1](#fig1){ref-type="fig"}Ac). After regeneration of the head, the worms were transferred into a fresh BaCl~2~ solution and showed no signs of degeneration. We conclude that BaCl~2~ exposure is acutely toxic to planarian anterior tissues but that the worms have the ability to produce new heads that are completely adapted to this novel, harsh condition.

Acquired Resistance to BaCl~2~ Is Lost after 30 Days in Water {#sec2.2}
-------------------------------------------------------------

We then investigated whether the acquired adaptation to BaCl~2~ was permanent or temporary. *D. japonica* worms were allowed to degenerate and regenerate heads in 1 mM BaCl~2~ over the course of approximately 35 days ([Figure 1](#fig1){ref-type="fig"}Ba). They were then transferred to Poland Spring water for 30 days, with the water refreshed every 7 days ([Figure 1](#fig1){ref-type="fig"}Bb). They were then subjected to a second round of 1 mM BaCl~2~ treatment. All worms displayed characteristic degeneration of anterior tissues after the second round of BaCl~2~ treatment, revealing that the insensitivity to BaCl~2~ is lost after 30 days in plain water ([Figure 1](#fig1){ref-type="fig"}Bc).

Transcriptionally Profiling the BaCl~2~-Adapted Head {#sec2.3}
----------------------------------------------------

What is different about the new, BaCl~2~-compatible heads when compared with the WT planarian head---what changes allow survival in BaCl~2~ after the initial adaptation? We hypothesized that the conferred resistance to BaCl~2~ treatment could be due to altered expression of ion channels or pumps that could compensate for, and buffer, the physiological perturbation. To test this hypothesis, we performed RNA sequencing (RNA-seq) and sub-network enrichment analysis (SNEA) on head samples from worms that were either treated with BaCl~2~ and allowed to regenerate insensitive heads or kept in water following the BaCl~2~ treatment. [Table S1](#mmc2){ref-type="supplementary-material"} provides all upregulated and downregulated transcripts identified. We report the total number of reads generated for each sample as well as a table of the alignment percentage of the reads mapped to the reference in [Tables S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}, respectively. GO and SNEA data are provided in [Tables S4](#mmc1){ref-type="supplementary-material"} and [S5](#mmc3){ref-type="supplementary-material"}, respectively. A subnetwork enrichment was also conducted to enhance the overall dataset and to provide additional information on processes affected in the BaCl~2~-resistant heads ([Table 1](#tbl1){ref-type="table"}).Table 1Categories of Transcripts Altered by BaCl~2~ AdaptationProcessGene Set Seed\# Of Measured NeighborsMedian Changep ValueNeural/VoltageCell membrane depolarization5−1.860.037Cell-cell signaling10−1.290.036Anion transport17−1.170.049Transmembrane potential85−1.090.032Synapse structure81.050.019Long-term synaptic depression501.160.010Synaptogenesis831.170.045Nervous system physiology261.240.047Neuronal plasticity461.240.013Transmission of nerve impulse611.280.012Regulation of action potential351.420.005Innervation311.880.003Neuronal guidance52.170.033Transmembrane signaling82.460.012Na+ influx co-transport82.990.002Neurotransmitter uptake53.730.019ImmuneT cell response711.040.041Monocyte recruitment191.420.027Leukocyte recruitment251.520.016Leukocyte migration291.580.043Leukocyte accumulation121.880.035Neutrophil adhesion181.880.042OtherMelanocyte differentiation7−2.440.002Microtubule depolymerization9−2.260.011Stem cell maintenance38−1.200.043Stem cell proliferation50−1.150.005Melanogenesis211.010.047Memory1271.050.036Endothelial cell function541.060.034Intracellular signaling cascade231.240.004Endothelial cell development81.420.021Positive chemotaxis122.630.029[^5]

We detected a number of transcripts that were up- and downregulated after BaCl~2~ exposure ([Table S1](#mmc2){ref-type="supplementary-material"}, q-value\<0.05, change \> log~2~ = 3), and genes that were only identified in one condition but not the other were listed as highly changed in the appropriate table. Significantly upregulated genes included *metalloendopeptidase, palmitoyl transferase, Slc17a1, NPYR-14, neuroglian, aquaporin, Rab-protein 8, SMAD6/7,* and *Slc2a1* ([Table 3](#tbl3){ref-type="table"}). Downregulated genes included *Propionyl-CoA synthetase, CyclinA-like protein, fibronectin, Mariner Mos1 transposase, L-lactate dehydrogenase, TBC1 domain family member 9B, SPSB1, Slc38a2, C3H-zinc finger-containing protein 1, ybox protein 4-like protein, plastin 1,* and *innexin* ([Table 4](#tbl4){ref-type="table"}). Interestingly, some ion channels and pumps were differentially expressed ([Tables S1](#mmc2){ref-type="supplementary-material"}, [3](#tbl3){ref-type="table"}, and [4](#tbl4){ref-type="table"}) (p \< 0.05). For example, *Transient receptor potential ion channel Ma Dj-TRPMa* (Fragment) was upregulated, appearing in the BaCl~2~-adapted heads but below detection in the wild-type, as well as an uncharacterized voltage-gated potassium channel, *Slc17a-1*, and *NPYR14*.

More broadly, downregulated functional sets in BaCl~2~-resistant worms included transmembrane potential, anion transport, and cell membrane depolarization, whereas processes such as innervation, long-term synaptic depression, and Na^+^ influx co-transport were increased in mean expression ([Figure 2](#fig2){ref-type="fig"}A and [Tables 1](#tbl1){ref-type="table"} and [S6](#mmc1){ref-type="supplementary-material"}). Many processes related to the immune system were upregulated, including leukocyte accumulation, leukocyte recruitment, monocyte recruitment, and T cell response ([Table 1](#tbl1){ref-type="table"}). Enriched gene networks were involved in both cellular structure and differentiation, as well as cell membrane depolarization confirming transcriptional rewiring of the bioelectric machinery ([Table 1](#tbl1){ref-type="table"}). We conclude that BaCl~2~-adapted heads exhibit transcriptional changes reflective of several subsystems\' adaptation to this novel bioelectrical condition and include proteins that could implement physiological homeostasis in response to BaCl~2~. [Tables 1](#tbl1){ref-type="table"}, [S4](#mmc1){ref-type="supplementary-material"}, and [S5](#mmc3){ref-type="supplementary-material"} and [Figure 2](#fig2){ref-type="fig"}A all depict networks for cell processes that were altered in the BaCl~2~-adapted heads.Figure 2Possible Mechanism of BaCl~2~-induced Head Degradation Via Excitotoxicity, and Subsequent Adaptation(A) Pathway Studio v10.0 was used to perform pathway analysis of RNA-seq data for (a) anion transport and (b) transmission of nerve impulse, two pathways critical to deprogression and regeneration of the planaria head. [Tables S6](#mmc1){ref-type="supplementary-material"}A and S6B contain details of all of the components listed here.(B) qPCR validation of two transcripts identified as upregulated in the RNA-seq---(a) Dj-TRPMa and (b) Slc2a1. Points represent levels for individual worms normalized to GAPDH. Line indicates median. Unpaired t tests were performed to assess significance, \*\*p \< .01, \*p \< .05, n = 3 for each condition.(C) Proposed regulatory networks detailing (a) normal/untreated state, (b) the main excitotoxicity-related feedback induced by BaCl~2~, and (c) proposed adaptations to BaCl~2~ treatment. Red lines with flat endpoints show an inhibitory/downregulation relationship, whereas blue lines with circular endpoints show an activating/upregulatory relationship. Under normal conditions, K^+^ channels hyperpolarize the cell to regulate membrane excitability and therefore maintain an open state of Ca~V~ channels and upregulate glutamate signaling (a). Ba^2+^ is proposed to induce excitotoxicity in neurons by blocking K^+^ channels, leading to significant V~mem~ depolarization, which activates voltage-gated Ca^2+^ channels (Ca~V~) leading to sustained increases in cytosolic Ca^2+^, excess Ca^2+^-induced exocytosis of glutamate, and sustained activation of glutamate signaling, leading to further calcium entry to the cell (b, "excitotoxic positive feedback 1"). Ba^2+^-induced V~mem~ depolarization may also open innexin hemichannels, leading to further glutamate release (b). Extracellular glutamate may activate glutamate-gated chloride channels and increased cytosolic Ca^2+^ may activate Ca^2+^-gated chloride channels, leading to chloride secretion from cells and further V~mem~ depolarization (b, "excitotoxic positive feedback 2"). Sustained increases in cytosolic Ca^2+^ may initiate apoptosis via caspases, leading to neural degradation (b). Adaptation to Ba^2+^-induced excitotoxicity is proposed to occur via a variety of changes to gene expression, including upregulation of TRPMa and NPY receptors, which break positive feedback loops supporting excitotoxicity (c).See also [Tables S1](#mmc2){ref-type="supplementary-material"}, [S2--S4](#mmc1){ref-type="supplementary-material"}, [S5](#mmc3){ref-type="supplementary-material"}, and [S6](#mmc1){ref-type="supplementary-material"}.

To ensure that the RNA-seq identified transcripts that were up- or downregulated in the BaCl~2~-adapted heads, we performed qPCR. qPCR for *Dj-TRPMa* using primers from ([@bib48]) showed a 2.4-fold increase in transcripts from BaCl~2~-adapted heads over WT ([Figure 2](#fig2){ref-type="fig"}Ba). qPCR for *Slc2a1* showed a 1.3-fold increase in transcript abundance in BaCl~2~-adapted heads compared with WT ([Figure 2](#fig2){ref-type="fig"}Bb). Although a bit lower in magnitude than reported in the RNA-seq, both showed similar upregulation in BaCl~2~-adapted heads compared with WT. Thus, despite using a broad platyhelminthes transcriptome, we were able to identify transcripts that were indeed upregulated in BaCl~2~-adapted heads.

An Excitotoxicity-Based Model of BaCl~2~-Induced Neural Apoptosis and Adaptation {#sec2.4}
--------------------------------------------------------------------------------

We next sought to understand the mechanism of BaCl~2~\'s effect and the striking ability of planaria to overcome it with a newly regenerated structure. One plausible explanation for the head degeneration effect is induction of BaCl~2~-induced drop in resting membrane potential and subsequent neural excitotoxicity in the neuron-rich head of the planarian ([@bib120], [@bib125]). Our model is based on the premise that an excitotoxic cascade is initiated by neuronal depolarization induced by the broad potassium channel blocker BaCl~2~. In other systems, strong depolarization activates V~mem~-gated Ca^2+^ channels, which causes neurotransmitter exocytosis ([@bib70], [@bib100]). As glutamate signals extracellularly via V~mem~-depolarizing ionotropic receptors, this further increases cytosolic Ca^2+^, leading to a positive feedback cycle (see "excitotoxic positive feedback" of [Figure 2](#fig2){ref-type="fig"}Cb). We also postulate that disruption of ion balance via BaCl~2~ should lead to the upregulation of channels and transporters that can help the tissues compensate by breaking positive feedback cycles.

The dynamics of our model under initial BaCl~2~ exposure and adapted state are shown in [Figure 2](#fig2){ref-type="fig"}C. The model makes several specific predictions, shown in [Table 2](#tbl2){ref-type="table"}. First, one of the immediate physiological effects of the BaCl~2~ should be a significant depolarization. Second, manipulation of several components (blockade of calcium channels and chloride channels, activation of dopamine signaling) should prevent the excitotoxicity storm and thus prevent head degeneration due to BaCl~2~ exposure. Third, blockade of TRPMa channels should counteract the adapted state and lead to head degradation even after adaptation to BaCl~2~. We thus tested each of these specific predictions in the BaCl~2~ degeneration and adaptation assay.Table 2Summary of Targets Predicted from BaCl~2~-Induced Excitotoxicity Hypothesis and the Results of Experimental InterventionsInterventionReasoningExperimentDopamine signaling agonists (e.g., quinpirole, bromocriptine, cabergoline)Agonists to dopamine signaling have shown mitigated excitotoxicity ([@bib117], [@bib15], [@bib75])Dopamine agonist and serotonin 5-HT~7~-like receptor antagonist bromocriptine significantly delayed head degeneration in the majority of worms for the duration of the test (35 days) compared with control, which showed full degeneration within 24 h ([Figures 4](#fig4){ref-type="fig"}Ae and 4Af)Cl^-^ channel inhibitorsPrevious studies have shown decreased neural death during excitotoxic cascades in the presence of chloride channel antagonists ([@bib47], [@bib21], [@bib93], [@bib64])Chloride channel blockers NPPB and NFA significantly delayed head degeneration upon exposure to BaCl~2~. 12% of NPPB- and 17% of NFA-treated worms showed some degeneration by day 3 compared with 100% of controls ([Figures 4](#fig4){ref-type="fig"}Ag--4Aj)Calcium channel antagonistsExcitotoxicity is mediated by high intracellular Ca^2+^ levels, a component of which arises from neuronal voltage-gated Ca^2+^ channels ([@bib56], [@bib110]). And calcium channel antagonists can prevent neuronal death ([@bib86])L-type calcium channel blocker Nicardipine delayed degeneration in 69% of worms (31% showed some degeneration) through 3 days of treatment compared with 100% degeneration in controls ([Figures 4](#fig4){ref-type="fig"}Ak and 4Al)TRPM antagonistsTRP channels show complex involvement in excitotoxicity ([@bib110], [@bib130], [@bib1], [@bib10], [@bib63]). We found that a TRPM channel is significantly upregulated in Ba^2+^-adapted regenerated heads ([Table 3](#tbl3){ref-type="table"}A), suggesting TRPM inhibition may sabotage the mechanism by which planaria adapt to BaCl~2~TRPM antagonist AMTB leads to rapid (less than 24 h) head degeneration in BaCl~2~-adapted worms, whereas adapted worms maintained in BaCl~2~ did not degenerate ([Figure 4](#fig4){ref-type="fig"}B)

Exposure to BaCl~2~ Results in Depolarization of Anterior Tissues {#sec2.5}
-----------------------------------------------------------------

Although the molecular and cell-level activity of BaCl~2~ has been thoroughly characterized in *in vitro* preparations ([@bib3], [@bib41], [@bib54], [@bib88]), the effects of BaCl~2~ exposure on physiological function and/or regeneration *in vivo* are largely unknown. Our excitotoxicity model predicts that BaCl~2~ should initiate a significant depolarization of the head. To characterize the bioelectric state of the worm after exposure to the potassium channel blocker, we imaged *D. japonica* worms after 30 min in water ([Figure 3](#fig3){ref-type="fig"}Aa) and after 30 min in BaCl~2~ ([Figure 3](#fig3){ref-type="fig"}Ab) using the voltage reporter dye DiBAC~4~(3), which grows brighter with increasing depolarization. We have previously demonstrated that DiBAC~4~(3) is a reliable indicator of depolarization in *D. japonica* ([@bib77], [@bib7], [@bib8], [@bib30], [@bib29]). [Figure S1](#mmc1){ref-type="supplementary-material"} shows that depolarization with 100 nM of the ionophore valinomycin in combination with 15 mM K^+^-gluconate can be visualized in *D. japonica* fragments within an hour of treatment. To compare relative depolarization while minimizing confounding factors, Control and BaCl~2~-treated worms were mounted and imaged together on the same PIC. After just 30 min in the BaCl~2~ solution, worms displayed a significant depolarization of anterior tissues ([Figure 3](#fig3){ref-type="fig"}Ab, quantified in 3B), as expected from a K^+^ channel blocker and predicted by our model. This depolarization was most appreciable in the most anterior 1/6 of the animal. Given the extensive depolarization after just 30 min in BaCl~2~, we conclude that the robust depolarizing effect of the drug is consistent with our model\'s prediction.Figure 3Visualization of Relative Membrane Potential in WT and BaCl~2~-treated *D. japonica* Flatworms(A) Voltage-sensitive dye was used to determine pattern of resting potentials in planaria. White arrowheads indicate the anterior of the worm. Images are pseudocolored to allow for ease of visualization of depolarization patterns, but worms were imaged in the same frame so as not to confound data after pseudocoloring, and all image analysis was done using raw un-colored images. (a) Untreated *D. japonica* flatworm imaged with DiBAC~4~(3) dye. (b) *D. japonica* flatworm imaged with DiBAC~4~(3) dye after 30 min in BaCl~2~. Scale bars, 0.5 mm.(B) Quantification of average pixel intensities in untreated and BaCl~2~-treated worms. Bars represent mean ± SD. Welch\'s unpaired t test, \*\*\*p = 0.00002.See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Calcium and Chloride Blockers Prevent BaCl~2~-Induced Degeneration {#sec2.6}
------------------------------------------------------------------

The central component of our model is an excitatory storm and the attendant positive feedback loop involving ion channels and neurotransmitters ([Figure 2](#fig2){ref-type="fig"}C). Thus, it predicts that interrupting this loop (inducing neuroprotection) by targeting specific dopamine machinery ([@bib117], [@bib15], [@bib75]), chloride channels ([@bib42], [@bib93], [@bib111], [@bib22]), or L-type calcium channels ([@bib110], [@bib67], [@bib42]), should prevent degeneration.

To test these predictions, we exposed worms to a combination of BaCl~2~ and one of several blockers (previously characterized in planaria or other invertebrates), tracking the incidence of degeneration over 3 days and comparing with BaCl~2~-only controls. All drugs had no effect in the absence of BaCl~2~ ([Figure S2](#mmc1){ref-type="supplementary-material"}). Since dopamine signaling is both a target of our model and one of the pathways identified by the RNA-seq as altered in the BaCl~2~-adapted worms ([Table S5](#mmc3){ref-type="supplementary-material"}), we used bromocriptine mesylate (0.5 μM) to activate monoaminergic signaling. Bromocriptine has been shown in mammals to be a dopamine agonist ([@bib65], [@bib74], [@bib81], [@bib98], [@bib119]) but in *D. japonica* appears to have broader functions, agonizing dopaminergic signaling ([@bib19]) and antagonizing serotonergic signaling ([@bib20]). Previous work in *D. japonica* has shown that dopamine and serotonin oppose one another in head regeneration ([@bib19]), indicating that bromocriptine targets general monoaminergic pathways. We hypothesized that bromocriptine would modulate monoaminergic pathways, suppressing excitotoxic activity. We found that bromocriptine was effective at blocking degeneration with 74% of worms experiencing no degeneration until day 2 ([Figures 4](#fig4){ref-type="fig"}Ae and 4Af) and 50% of worms experiencing no degeneration up until day 22. Although this effect is noticeable, 38% of the worms did show head degeneration by day 22 and 9% of the worms died during this treatment. Most likely, this failure to protect the worms from degeneration is related to variability in individual worm response to the drug. NPPB (5 μM) and niflumic acid (1.25 μM) were used as calcium-activated chloride channel blockers. Both of these drugs have been shown to block Cl^−^ channels both in mammalian cells and in *C. elegans* ([@bib13], [@bib99], [@bib123], [@bib126]). NPPB delayed degeneration in most worms (82%) until day 6, at which point all worms died, suggesting only a partial rescue of the excitotoxic effect ([Figures 4](#fig4){ref-type="fig"}Ag and 4Ah). Niflumic acid, on the other hand, was able to prevent head degeneration or death up until day 2 in 92% of the treated planaria but did occasionally induce ectopic eyes (1.9%) ([Figures 4](#fig4){ref-type="fig"}Ai and 4Aj). Finally, nicardipine hydrochloride (2.5 μM) was used to block L-type calcium channels ([@bib7], [@bib45], [@bib71], [@bib73]). Nicardipine induced a delay in degeneration in 78% of worms through 2 days of treatment ([Figures 4](#fig4){ref-type="fig"}Ak and 4Al). Taken as a whole, exposure to these channel activity modifiers similarly prevented BaCl~2~-mediated head degeneration ([Figure 4](#fig4){ref-type="fig"}A, quantified in 4Am) and mostly also prevented BaCl~2~-induced death in the planaria, suggesting that these drugs directly acted on the mechanism by which BaCl~2~ is toxic. We conclude that, as predicted by our model, drugs predicted to break the positive feedback loop of excitotoxicity efficiently suppress the BaCl~2~-induced head deprogression.Figure 4Targeting Ion Channels Allows Modulation of Degeneration and Adaptation(A) A variety of drugs targeting ion channels were used to test our excitotoxicity hypothesis. (a and b) *D. japonica* worm before treatment (a) and after 2 days in water (b). (c and d) Planaria treated with 1 mM BaCl~2~ for 0 h (c) show no phenotype, but after 48 h, the head deprogresses (d). (e and f) Planaria in dopamine agonist bromocriptine (0.5 μM) and 1 mM BaCl~2~ solution for 0 (e) and 2 days (f). Bromocriptine is able to prevent head degeneration upon exposure to BaCl~2~ in 74% of worms (f). (g) exposure to BaCl~2~ and calcium-activated chloride channel blocker NPPB (5 μM) has no effect at the time of treatment, but within 2 days (h) NPPB has prevented head degeneration in 84% of worms. (i and j) Calcium-activated chloride channel blocker Niflumic acid (1.24 μM) exposure in combination with BaCl~2~ has no effect at 0 days (i) but prevents head degeneration in 92% of worms within 2 days (j). (k and l) L-type calcium channel blocker nicardipine hydrochloride (2.5 μM) treatment in combination with BaCl~2~ has no effect at the time of treatment (k) but prevents head degeneration in 78% of worms within 2 days (l). Scale bars, 0.5 mm. (m) Prevalence of head degeneration phenotype with each of the drug treatments listed in (e--l). The overwhelming majority of worms with head degeneration in the BaCl~2~-treated worms are replaced with the majority of worms not experiencing head degeneration when treated with ion channel modulators.(B) Resensitization of worms to BaCl~2~. BaCl~2~-adapted *D. japonica* worms in (a) water, (b) water with 100 μM AMTB hydrochloride, or (c) water with BaCl~2~ do not induce head degeneration in BaCl~2~-adapted worms. (d) However, treatment with AMTB (100 μM) in addition to further treatment with BaCl~2~ induced head degeneration within 1.5 h. Scale bars, 0.5 mm. (e) Prevalence of head degeneration phenotypes in BaCl~2~-adapted, BaCl~2~-treated planaria with or without AMTB treatment, as shown in (c) and (d). Treatment with AMTB resulted in a near-complete change from normal heads to fully degenerated heads.See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

Blocking Adaptation {#sec2.7}
-------------------

Conversely, we next asked whether our model also suggested efficacious methods of counteracting the BaCl~2~-adapted state. A transcript identified at significant levels only in the BaCl~2~-adapted heads ([Table 3](#tbl3){ref-type="table"}) was *TRPMa*--a member of a family of channels that sense chemical, mechanical, and osmotic signals (opening with cell swelling) and convey signals to the genome via increased intracellular Ca^2+^. Thus, we next blocked TRPM via the well-characterized TRPM blocker AMTB ([@bib59], [@bib127]), which has previously been shown (and confirmed by RNAi) to be effective in inhibiting TRPMa in planaria ([@bib48]). Although exposure to 100 μM AMTB alone did not induce any head degeneration or death ([Figure 4](#fig4){ref-type="fig"}Bb), BaCl~2~-adapted planaria began degenerating their heads after just an hour and a half of exposure to AMTB (24 h time point shown in [Figure 4](#fig4){ref-type="fig"}Bd). By 24 h of exposure, 98% of heads had fully degenerated, whereas worms that were maintained in BaCl~2~ showed no degeneration ([Figure 4](#fig4){ref-type="fig"}Bc). This rate of degeneration is equivalent to the controls that had never experienced BaCl~2~ adaptation ([Figures 1](#fig1){ref-type="fig"}Aa, [4](#fig4){ref-type="fig"}Aa, and 4Ab). Furthermore, in the presence of both BaCl~2~ and AMTB, 62% of the planaria died within 48 h, suggesting that the mechanism by which they adapted to the BaCl~2~ could not overcome both BaCl~2~ and AMTB. Thus, we conclude that, consistent with the known mechanisms of excitotoxicity, BaCl~2~ adaptation can be erased by TRPM blockade.Table 3Summary of Transcripts Upregulated in Heads Pre-Conditioned by BaCl~2~ ExposureProtein NameTCONSGene NameLog Fold Changep Valueq Value**Metalloendopeptidase (EC 3.4.24.-)**TCONS_00013146NA--p \< 0.0010.004**Voltage-gated potassium channel**TCONS_00008343NA--p \< 0.0010.020**Palmitoyltransferase (EC 2.3.1.225)**TCONS_00010738CLF_106085--p \< 0.0010.022GCR085TCONS_00007438gcr085--0.0010.027**Transient receptor potential ion channel Ma DjTRPMa (fragment)**TCONS_00000400NA--0.0010.030**Slc17a-1 (Vesicular glutamate transporter)**TCONS_00006778vglut slc17a-1--0.0010.030**NPYR-14 (Neuropeptide Y receptor)**TCONS_00002461npyr-14--0.0010.031NeuroglianTCONS_00013039EGR_00,245--0.0010.031**Ubiquitin thioesterase (EC 3.4.19.12)**TCONS_00004623NA--0.0010.040**Slc2a-1 (Glut1, glucose transporter)**TCONS_00003196slc2a-13.118380.0010.030SMED-SMAD6/7-2TCONS_00000433NA2.318250.0020.050**Clone ZZD1463 mRNA sequence (Rab-protein 8)**TCONS_00005887Rab82.12996p \< 0.0010.004**Aquaporin**TCONS_00007316aquaporin2.01898p \< 0.0010.004[^6]

Discussion {#sec3}
==========

Planarian Regeneration Can Compensate for Dramatic Physiological Perturbations {#sec3.1}
------------------------------------------------------------------------------

Habituation to extreme physiological stressors has been known since the classic experiments of Jollos, who showed that lineages of paramecia exposed to toxins or extreme heat gained resistance that persisted for hundreds of generations ([@bib50], [@bib51]). However, very little information is available on the mechanism of such plasticity taking place in single organisms (i.e., not due to multi-generational selection) ([@bib32]). Here we established a model for studying the interplay of physiological and transcriptional plasticity on a short timescale. The planarian head degeneration model also has the advantage that it reveals a multi-scale phenomenon: the cellular stress must be coupled to organism-wide patterning networks, as the animal has to rebuild a complex new structure that will maintain its anatomical integrity while the cells within are forced to significantly alter their normal physiological function.

As a model system, we chose planaria because of their remarkable ability to regulate anatomy despite drastic injury ([@bib95], [@bib78]), targeting the function of K^+^ channels, as these are required for a wide range of processes at the level of cell behavior ([@bib116], [@bib80]) and body-wide patterning ([@bib2], [@bib27], [@bib102], [@bib68]). Bioelectric processes underlie behavioral plasticity in the brain, suggesting the hypothesis that ionic mechanisms may be of considerable interest in understanding different kinds of adaptation ([@bib84]). Interestingly, recent work in *Drosophila* mutants revealed the importance of regulation of excitability to buffer against environmental changes ([@bib53]).

Upon exposure to BaCl~2~, a potent non-specific K^+^ channel blocker, planaria experience a striking degradation of the entire head. Remarkably, they are then able to produce a new head that is insensitive to the BaCl~2~ ([Figure 1](#fig1){ref-type="fig"}A). We characterized this example of large-scale adaptation to a drastic physiological challenge by regenerative processes.

Extended Time in Water Results in a Loss of BaCl~2~ Resistance {#sec3.2}
--------------------------------------------------------------

The acquired resistance to BaCl~2~ is not permanent. When BaCl~2~-insensitive worms are placed in water for 30 days, they lose their resistance to BaCl~2~, and upon a second exposure to BaCl~2~ will undergo degeneration and regeneration of anterior tissues again ([Figure 1](#fig1){ref-type="fig"}B). Interestingly, 30 days is approximately the time required for cellular turnover in planaria ([@bib82]); it is not known yet whether the BaCl~2~ adaptation and de-adaptation is in some way tied to the temporal profile of neoblast activity and somatic cell turnover. Taken together, this temporal profile of adjustment to novel stimuli, and its return to normal, highlights the ability of living systems to adaptively, flexibly integrate information from the internal and external environments of the organism via the interplay between physiological information and genetic programs. The fact that BaCl~2~ adaptation spontaneously reverses suggests that the adapted state is not a stable attractor in the transcriptional landscape ([@bib46], [@bib109]); instead, it is compatible with a dynamic monitoring system that adjusts to novel stressors but can also detect their cessation. Future development of transgenic strains of planaria expressing novel physiological fluorescent reporters will be invaluable in tracing the exact temporal profiles of signaling cascades during this process *in vivo*.

BaCl~2~ Adaptation Involves a Unique Transcriptional Signature {#sec3.3}
--------------------------------------------------------------

To investigate the mechanism of head degeneration and subsequent BaCl~2~ tolerance, we analyzed transcriptomes comparing WT heads with BaCl~2~-adapted heads. Importantly, we analyzed completely regenerated heads, so that the profiles would reflect not mechanisms involved in head regeneration per se, but differences in mature normal and BaCl~2~-insensitive heads. RNA-seq analysis revealed a number of transcriptional differences that distinguish WT (BaCl~2~-sensitive) heads from BaCl~2~-adapted heads ([Tables 3](#tbl3){ref-type="table"} and [S1](#mmc2){ref-type="supplementary-material"}). Unfortunately, no gain-of-function technology exists in planaria that can be used to misexpress transcripts; however, we exploited the druggable nature of some of the key targets to individually modulate both the degeneration and adaptation phases ([Figure 4](#fig4){ref-type="fig"}). It must be noted that important changes can occur at the level of physiology, not transcription, and it is likely that additional mechanisms of plasticity that are invisible to RNA-seq remain to be characterized in future work.

Transcriptional Rewiring of Bioelectric Networks {#sec3.4}
------------------------------------------------

One of the most salient aspects of the RNA-seq dataset was the identification of changes in genes involved in regulating bioelectric state ([Table 1](#tbl1){ref-type="table"}). Overall, 1.98% of the transcripts identified by RNA-seq in planaria were affected by BaCl~2~ exposure (q \< 0.05, \>2-fold change). A number of channels and pumps are altered in the transition from BaCl~2~ sensitivity to adaptation, including calcium-sensitive transporters, solute transporters, voltage-gated channels, and others ([Tables S1](#mmc2){ref-type="supplementary-material"}, [1](#tbl1){ref-type="table"}, and [3](#tbl3){ref-type="table"}). Interestingly, many of these channels are transporters, suggesting that the physiological buffering of a depolarizing treatment is dependent on employing alternative means of transporting ions into and out of anterior cells and tissues. Newly developed platforms for bioelectric simulation will enable construction and analysis of quantitative physiological models linking post-translational ion flow dynamics (channel opening/closing) to transcriptional regulation and may explain how the observed changes in the electrogenic mRNA profile can compensate for BaCl~2~ exposure ([@bib85], [@bib16], [@bib17], [@bib18]). Future functional analysis will also investigate physiological repercussions of detected transcriptional changes.

An Excitotoxicity Model of Degeneration and Adaptation {#sec3.5}
------------------------------------------------------

To understand this striking phenomenon, we formulated and tested a model based on excitotoxicity ([@bib67], [@bib110]). We propose that depolarized V~mem~ resulting from Ba^2+^ block of K^+^ channels ([@bib120]), as well as the Ba^2+^ ion\'s ability to substitute for Ca^2+^ in a variety of processes ([@bib24], [@bib28], [@bib131], [@bib72]), induces glutamate-mediated excitotoxicity ([Figure 2](#fig2){ref-type="fig"}C). It was hypothesized that Ba^2+^ induces a strong depolarization of V~mem~ by blocking K^+^ channels ([@bib125], [@bib120]), which in turn activates voltage-gated Ca^2+^ channels, leading to increases in both intracellular Ca^2+^ and potentially Ba^2+^ ([@bib67], [@bib110]). Increased Ca^2+^ and Ba^2+^ then induce glutamate exocytosis, which may signal at ionotropic glutamate receptors to further depolarize V~mem~ and increase cytosolic Ca^2+^ and Ba^2+^ in positive feedback ([@bib70], [@bib100], [@bib67], [@bib61]), leading to an excitotoxic cascade and neural death via Ca^2+^ activation of apoptosis ([@bib129], [@bib70]). One of the key predictions of our model is that a strong anterior depolarization should be present early in the process, which was indeed observed ([Figure 3](#fig3){ref-type="fig"}).

Remarkably, the organism is able to alter its transcriptional profile to regenerate new heads that are resistant to BaCl~2~. Neuroprotective changes in BaCl~2~-adapted heads include increased expression of neuropeptide Y receptors and dramatically decreased expression of innexins (invertebrate gap junctions), both of which have been previously shown to inhibit glutamate-induced excitotoxicity. Increased NPY signaling has been found to modulate excitotoxicity ([@bib38], [@bib39], [@bib40], [@bib124], [@bib101]) and may act through inhibition of Ca^2+^ channels ([@bib39], [@bib69]). Past work in numerous systems has shown a strong neuroprotective effect of gap junction blockade in excitotoxic cascades, where gap junction inhibition has shown significant reduction in neural death ([@bib121], [@bib122], [@bib36], [@bib111], [@bib114], [@bib9]). Other changes include increased expression of a TRPM channel, increased aquaporin channels, and increased levels of a voltage-gated K^+^ channel, which appear to convey neuroprotective adaptations to the regenerated heads. Decreases in glutamine transporter *Slc38a2* (which increases neural glutamate via the glutamine-glutamate cycle \[[@bib4]\]) were also found. These findings reveal the transcription-level acquisition of tolerance to a significant toxic challenge by planarian regeneration. Additional adaptive changes, at the protein or physiological levels, may also have occurred and will be studied in subsequent work.

Ion Channels\' Roles in Degeneration and Adaptation {#sec3.6}
---------------------------------------------------

Our model implicated specific classes of targets in the degeneration and adaptation process. Indeed, we found that blockade of calcium and chloride channels were able to counteract the toxic effects of BaCl~2~ exposure ([Figures 4](#fig4){ref-type="fig"}Ag--4Al). Likewise, monoaminergic activation was also able to prevent degeneration ([Figures 4](#fig4){ref-type="fig"}Ae and 4Af). These results demonstrate that an adaptive stress response (BaCl~2~ insensitivity) can be artificially induced without prior exposure to the actual stressor. Importantly, our model also enabled identification of a simple intervention to reverse the adapted state---TRPMa channel blockers rapidly induced BaCl~2~-sensitivity to BaCl~2~-adapted heads ([Figure 4](#fig4){ref-type="fig"}B), revealing the induction of TRPMa after BaCl~2~ exposure as a key functional step in the observed regenerative plasticity. Although any pharmacological reagent may have additional targets, the use of several diverse channel drugs to cleanly abrogate a very specific process, and improve tissue health and integrity (i.e., not simply cause toxicity), supports the predictive value of our model. Any future models of this process can likewise be evaluated by their ability to identify reagents that enable modulation of the plasticity process. The use of small molecule drugs to target these kinds of processes *in vivo* is an important complement to genetic manipulation studies, as it may allow therapeutic applications that do not require gene therapy. Targeting both phases of the adaptive response (the initial toxicity and the resulting adapted state), as shown in our data, represents an important strategy in applications.

Conclusion {#sec3.7}
----------

Planaria are champions of plasticity and robustness, not only repairing their anatomy after amputation in normal conditions, but also apparently able to adjust their physiology to survive and regenerate under significant physiological perturbation. This occurs within an individual\'s lifetime, not via population selection, revealing the ability of tissues to activate appropriate responses to relieve physiological stressors. Using this and similar tractable models will allow a better understanding of the dynamics of biological circuits, not only hardwired activity emergent from genetically encoded features, but also flexible adaptation to unpredictable stimuli. The study of the mechanisms and algorithms that enable this property blurs the line between developmental genetics, adult physiology, and the kind of plasticity studied in neuroscience. Interestingly, our NGS analysis implicated targets belonging to the Memory/Neuroplasticity categories ([Table 1](#tbl1){ref-type="table"}), suggesting the hypothesis, which we will test in future work, that regenerative and physiological plasticity are related to (and perhaps early forms of) cognitive plasticity in higher animals ([@bib6]).

We chose BaCl~2~ for two reasons. First, because as a very broad K^+^ channel blocker, it would challenge tissues with a stress that could not easily be overcome through simple redundancy among potassium channel family members. Second, because to our knowledge, exposure to significant quantities of BaCl~2~ is not something planaria encounter in the wild. Thus, it is plausible that plasticity to BaCl~2~ toxicity is not a genetic response that has been specifically selected for; rather than a hardwired response to a common feature of the planarian environment over evolutionary time, it is likely that the remarkable adaptation we observe is an example of a more general and still poorly understood feature of biology: robustness in the face of novel stresses. The algorithms and mechanisms by which living systems match transcriptional and physiological responses to environmental challenges represent a key intellectual challenge for the coming decade, with significant implications both for biomedicine and for the design of highly resilient systems in engineering.

Understanding cellular adaptation to stress may have implications in addition to shedding light on evolvability and regulative morphogenesis. Although other species may not exhibit the convenient head degeneration phenotype, ionic disbalance and stress response is a universal biological and biomedical phenomenon. Moreover, preconditioning (exposure to preinjury stressors to achieve induction of tolerance) ([@bib128]) is an important topic in the biomedicine of brain injury and epilepsy ([@bib11], [@bib34]), where ion channels are already beginning to be viewed as therapeutic targets for neuroprotection ([@bib103]). Future work on the modulation of regeneration via developmental pharmacology will exploit novel biomaterials, computational models, and ion channel drugs to transition these advances toward biomedical applications ([@bib43], [@bib23], [@bib79]).

Limitations of the Study {#sec3.8}
------------------------

One of the limitations of the study is that assays are not yet available in planaria to directly observe the physiological effects of all of the reagents used. Most of the pharmacological tools we applied have been used in planaria, and all have been utilized in other invertebrates, but NPPB and Niflumic acid have not heretofore been characterized in planaria. Likewise, there is currently no working technology for introducing foreign genes into planaria, preventing the use of molecular-genetic (dominant negative and fluorescent reporter) tools to directly observe the dynamics of the dopamine pathway under our various conditions. Furthermore, it is possible that some of the genes listed in [Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"} as expressed in one condition but not detected in the other may reflect technical or statistical failures to detect transcript. Finally, it will be important in future work to conduct a large-scale RNAi effort targeting all of the genes identified by our RNA-seq to determine whether additional mechanisms of tissue adaptation to stress are also critical beyond those implicated in the specific model we propose.Table 4Summary of Transcripts Downregulated in Heads Pre-Conditioned by BaCl~2~ ExposureProtein NameTCONSGene NameLog Fold Changep Valueq ValueTubulin alpha chain (fragment)TCONS_00000293TBA3 TR27993--p \< 0.0010.004Marvel containing potential lipidTCONS_00001520EgrG_000088200--p \< 0.0010.004GCR041TCONS_00002574gcr041--p \< 0.0010.004**Propionyl-CoA synthetase**TCONS_00010061CLF_100045--p \< 0.0010.004**Propionyl-CoA synthetase**TCONS_00010062CLF_100045--p \< 0.0010.004cAMP-dependent protein kinase regulatory subunitTCONS_00014767PRKAR2A--p \< 0.0010.004CyclinA-like protein (fragment)TCONS_00014792NA--p \< 0.0010.004Tubulin alpha chainTCONS_00000293NA--p \< 0.0010.004Uncharacterized protein C1orf177 homologTCONS_00015160CA177 TR105569--p \< 0.0010.004Fibronectin type 3 and ankyrin repeat domains protein 1 (FANK1)TCONS_00015183CLF_102920--p \< 0.0010.004Mariner Mos1 transposaseTCONS_00015672HmN_000702600--p \< 0.0010.004Tubulin alpha chainTCONS_00015804NA--p \< 0.0010.004L-lactate dehydrogenase (EC 1.1.1.27)TCONS_00014875NA--p \< 0.0010.007TBC1 domain family member 9BTCONS_00012203CLF_111893--0.0010.031SPSBTCONS_00002395Spsb−8.9764p \< 0.0010.004SPSBTCONS_00015862Spsb−6.74196p \< 0.0010.004**Slc38a-2 (Na+-coupled neutral amino acid transporter)**TCONS_00008866slc38a-2−5.10772p \< 0.0010.004Tubulin alpha chainTCONS_00000243MS3_11,213−5.00986p \< 0.0010.004Tubulin beta chainTCONS_00015047TR83001−4.80567p \< 0.0010.043Tubulin beta chainTCONS_00015847NA−4.02875p \< 0.0010.004Tubulin alpha chainTCONS_00014885NA−3.9266p \< 0.0010.004C3H-zinc finger-containing protein 1TCONS_00015349NA−3.87679p \< 0.0010.004Phosphotransferase (EC 2.7.1.-)TCONS_00015828slc25a-4−3.86765p \< 0.0010.004Y box protein 4-like proteinTCONS_00000137NA−3.65495p \< 0.0010.004Protein FAM154ATCONS_00015465EmuJ_000818000−3.60524p \< 0.0010.004Plastin-1TCONS_00015023CLF_110637−3.56204p \< 0.0010.016**Innexin**TCONS_00005338**inx−3.54459**p \< 0.001**0.004**Tubulin beta chainTCONS_00000701NA−3.41177p \< 0.0010.004Tubulin beta-2C chainTCONS_00000158NA−3.37944p \< 0.0010.004SJCHGC04177 proteinTCONS_00015105NA−3.37057p \< 0.0010.004Tubulin alpha chain (fragment)TCONS_00015786CLF_103359−3.25329p \< 0.0010.004Tubulin beta chain (fragment)TCONS_00002700bt3−3.05291p \< 0.0010.004Expressed conserved proteinTCONS_00014926EmuJ_001095400−2.98249p \< 0.0010.004Tubulin alpha chainTCONS_00014888NA−2.839120.0010.034T-complex protein 1 subunit gamma (fragment)TCONS_00015722T265_13,906−2.74806p \< 0.0010.013C3H-zinc finger-containing protein 1TCONS_00015007NA−2.74023p \< 0.0010.007Plasminogen-1 (fragment)TCONS_00014024NA−2.66561p \< 0.0010.004SJCHGC05018 proteinTCONS_00000671NA−2.65743p \< 0.0010.004Tubulin alpha chain (fragment)TCONS_00000134atub2−2.34531p \< 0.0010.004Tubulin alpha chainTCONS_00014770NA−2.19894p \< 0.0010.024Trypsin-like serine proteaseTCONS_00009159NA−1.9831p \< 0.0010.004[^7]

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1 and S2, and Tables S2--S4 and S6Table S1. Full Annotated Gene List, Related to Figure 2 and Tables 1 and 3Table S5: Pathways Affected by BaCl~2~, Related to Figure 2 and Tables 1 and 3Provided are the genes that are involved in the corresponding network, median fold change of the network, and the p value.

We thank the members of the Levin lab and Nicolas Roleau for useful discussions and Hans Gonzembach and the diligent undergraduates including Hannah Stowe, Quynh Anh Phan, Si Kun Wang, Sara E. Mitchell, Tien Hoang, John Fernandez, and Carolyn H. Nguyen who have helped us tend to our worm colony. We also thank members of the Agata lab for providing us with the *Dj-TRPMa* primer sequences. We gratefully acknowledge support by an Allen Discovery Center award from the Paul G. Allen Frontiers Group (No. 12171), the Templeton World Charity Foundation (No. TWCF0089/AB55), and the Barton Family Foundation. Research was sponsored by the Defense Advanced Research Projects Agency (DARPA) under Cooperative Agreement Number HR0011-18-2-0022. The content of the information does not necessarily reflect the position or the policy of the Government, and no official endorsement should be inferred. Approved for public release; distribution is unlimited.

Author Contributions {#sec5}
====================

M.L. and M.E.-B. conceived and planned the study. M.E.-B., F.D., A.T., D.D., and J.M. performed planarian experiments and analyzed data. K.M., A.T., and D.D. performed molecular biology (QPCR validation). A.P. built and analyzed the excitotoxicity model. C.J.M. and A.K. analyzed RNA-seq data. M.E.-B, A.K., A.P., and M.L. wrote the paper.

Declaration of Interests {#sec6}
========================

The authors declare no competing interests.

Supplemental Information can be found online at <https://doi.org/10.1016/j.isci.2019.11.014>.

[^1]: Present address: University of California, Berkeley, Berkeley, CA 94720, USA

[^2]: Present address: Harvard University, Cambridge, MA 02138, USA

[^3]: These authors contributed equally

[^4]: Lead Contact

[^5]: Differentially expressed cell processes following degeneration and regeneration of a BaCl~2~-insensitive head, focusing on processes related to membrane potential homeostasis and regeneration. The number of items in the pathway, as well as the median fold change of the network and the p value, is reported for each enriched process. All subnetworks are presented in [Table S5](#mmc3){ref-type="supplementary-material"}.

[^6]: Transcripts with greater than a 2-fold change in expression, significance of q \< 0.05, with clear annotation are shown. A log fold change of "--" indicates transcripts that were only identified in BaCl~2~-treated worms and thus have no calculatable fold change. Bolded transcripts are associated with our excitotoxicity model. TCONS refers to the transcript ID in [Table S1](#mmc2){ref-type="supplementary-material"}.

[^7]: Transcripts significantly downregulated by BaCl~2~ treatment with greater than a 2-fold change in expression, significance of q \< 0.05, with clear identification are shown. A log fold change of "--" indicates transcripts that were only identified in untreated worms and thus have no calculatable fold change. Bolded transcripts are specifically predicted by our excitotoxicity model. TCONS refers to the transcript ID in [Table S1](#mmc2){ref-type="supplementary-material"}.
